Purpose To improve structure-function analysis in primary open-angle glaucoma (POAG) by including the two-global flash multifocal electroretinogram (2F-mfERG) and macular ganglion cell layer segmentation. Methods Twenty-five glaucoma patients (six pre-perimetric (PPG), 19 POAG) and 16 controls underwent 2F-mfERG, optical coherence tomography (OCT), and standard automated perimetry (SAP). For 2F-mfERG, the root mean square was calculated for the focal flash response at 15-45 ms (DC) and the global flash responses at 45-75 ms (IC1) and 75-105 ms (IC2). For OCT, macular total thickness (mT) and ganglion cell-inner plexiform layer (GCIPL) thickness were analysed. Values from the central 10°and 15°of 2F-mfERG were compared to the corresponding areas from OCT and visual field. Results Both PPG and POAG had significantly lower mfERG responses in the central 10°and 15°than the control group. Of the glaucoma patients, 30.7% (three PPG, five POAG) showed central mfERG and GCIPL reduction without a SAP defect in the central 15 degrees. Four patients had a central SAP defect associated with a reduced GCIPL without any detectable dysfunction on mfERG. MfERG DC and IC2 were larger with increased mT (p ≤ 0.02), but GCIPL only related positively to IC2 (p = 0.027). SAP sensitivity also increased with thicker mT but not with GCIPL (p < 0.03 and p = 0.35). DC, IC2, and GCIPL could best differentiate glaucoma from control (AUC values: 0.897, 0.903, and 0.905). Conclusions Structure function analysis in glaucoma can be improved when the GCIPL thickness as well as the 2F-mfERG is included as these measures complement information obtained by SAP.
Introduction
Blindness due to glaucoma is still common all around the world and incidence has continued to rise [1] . Because the disease can be asymptomatic for a long time, early diagnosis is still limited as it had not been possible to ascertain which abnormality (structural or functional) presents first in the natural course of the disease [2] .
Ganglion cells are the first to be affected in glaucoma, and approximately 50% of them are concentrated in the parafoveal area [3] . Optical coherence tomography (OCT) has been largely used to evaluate structural integrity in glaucoma patients. Evaluating total macular thickness appears to be less sensitive than the ganglion cell-inner plexiform layer thickness (GCIPL) in POAG [4, 5] . Analysis of GCIPL thickness has a similar performance to correctly diagnose glaucoma when compared to the retinal nerve fiber layer (RNFL) [6, 7] . A limitation of structural OCT analysis is that, according to a model proposed by Hood et al. [8] , the OCT may still be normal in the presence of cell loss, if the individual's number of cells at onset was on the high end of normal.
Standard automated perimetry (SAP) has been applied to the diagnosis of POAG for decades, although SAP only shows dysfunction once a significant number of cells have already been lost [3] . Thus, structural changes in the ganglion cell layer can precede functional changes in SAP [3, 9] . Hood and Kardon proposed a structure function model in which ganglion cell loss and SAP sensitivity have a linear relationship [10] .
Animal models have shown that elevated IOP alters inner retinal function prior to the occurrence of structural damage [11] . In an attempt to discover glaucomatous dysfunction at an earlier stage, the multifocal electroretinogram (mfERG) technique has been explored in POAG [12] [13] [14] [15] [16] [17] [18] . The mfERG introduced by Sutter and Tran [19] allows for simultaneous functional testing of multiple retinal locations and provides a high resolution topographic examination of retinal function. The contributions of the inner retina to mfERG have been studied [12, [20] [21] [22] [23] [24] [25] . The first order response of mfERG originates predominantly (but not exclusively) from the outer retina, whereas the higher order components are primarily (but not exclusively) attributed to inner retinal function. Analysis of the BONH component^ [20] , the photopic negative response [17, 26, 27] , the oscillatory potentials [28] , global flash paradigms [12, 21, 22, [28] [29] [30] [31] , and stimulus contrast adaptations [22, 24, 32, 33] attempted to increase the inner retinal contributions to the mfERG response, and thus its sensitivity to glaucoma. In stimuli with global flashes, responses evoked by the influence of a previous stimulus on that to a global flash is thought to reflect a contribution from the inner retina [28, 30, 34] . In the global flash stimulus, the direct component (DC), that is the response to the MSequence step, is also enhanced through adaptive effects of the global flashes on the response to the msequence step.
Our group has shown that the two-flash multifocal ERG (2F-mfERG) demonstrated a good sensitivity in identifying glaucomatous retinal dysfunction [12, 14] , particularly in the central 10°for the first (IC1) and second (IC2) induced components [15, 35] . Central full macular thickness (mT) was also associated with 2F-mfERG response in this area [16] .
In this study, we assess to what extent including the GCIPL analysis, in addition to mT measures, as well as the two-flash multifocal electroretinogram, together with SAP, improves structure-function analysis in glaucoma. To the best of our knowledge, this is the first study in humans to combine the 2F-mfERG and macula layer segmentation in glaucoma patients.
Materials and methods
The study protocol was approved by the ethics committee of the University of Basel, and informed consent was obtained from all participants before the examination. All procedures followed the tenets of the Declaration of Helsinki.
All individuals recruited to this study presented a visual acuity of 0.8 or better and a refractive error between ±6 diopters of hyperopia or myopia.
POAG patients were recruited directly from the glaucoma specialist consultations at the university eye clinic and had a glaucomatous optic neuropathy on fundus examination, as well as a controlled IOP under use of topical medication. Presence of localized thinning of the neuroretinal rim was confirmed on OCT with at least one red sector or two yellow sectors on the 12 sector clock hour RNFL thickness map (less than 1 and 5% of the normal population, respectively). POAG patients had a visual field defect reproducible in at least three tests (Octopus 101, G2 protocol), which corresponded to the RNFL OCT defect.
Preperimetric glaucoma (PPG) eyes presented with optic nerve glaucoma abnormalities and the same OCT defect criteria described above, but a normal visual field [mean defect (MD) under 2.2 and square root of loss variance (sLV) under 2.5].
Exclusion criteria: systemic diseases and/or regular use of medications that could influence the eye (i.e. antidepressant, anticonvulsive), as well as previous ocular surgeries (including cataract surgery).
Each participant was given a complete ophthalmic evaluation including corrected visual acuity, Goldmann tonometry, slit lamp and fundus examination. Subjects underwent SAP, 2F-mfERG, and OCT testing as described below. In all controls and 19 eyes these tests were obtained on the same day. If for any reason these tests could not be performed in the same day (n = 7), interval between tests did not exceed 6 months (median 2 months). Analyzed data corresponded to the central 10 and 15 degrees.
SAP was performed using an Octopus perimeter (Octopus 101, G2 Program, Haag-Streit AG, Switzerland). Mean sensitivity (MS) and mean defect (MD) values were calculated for each stimulus location in dB and converted individually into linear units. For the central 10°, these focal linear values were averaged to form MS10°and MD10°for comparison to total mT as shown in Fig. 1 (left, a) . Taking into consideration the slightly larger area included in the GCIPL measurement, an additional four focal linear values were included to form MS15°and MD15° (  Fig. 1, right, b) . This also takes into consideration the displacement of the retinal ganglion cells as described by Drasdo [36] and adapted for the G2 SAP according to calculations by Hood and Raza based on the Humphrey 10-2 SAP [37] . ) at an interval of 26 ms. A band-pass filter was set at 1-300 Hz. The total recording time of 10 min and 55 s was divided into 16 segments. During recording the summed response was continuously monitored and segments contaminated by ocular movements or poor signals were excluded and re-recorded. The artifact rejection technique was applied twice [38] , and each focal response was filtered by segment (as suggested by the manufacturer) at 1-200-Hz. The root mean square (RMS) was calculated for the direct component at 15-45 ms (DC), and the two response components induced by the effects of the preceding focal flash on the response to the global flashes at 45-75 ms (IC1) and at 75-105 ms (IC2). Figure 2 shows the two-flash stimulation protocol and original wave forms from one control and one POAG, with the components analyzed (DC, IC1 and IC2). RMS values from the central 7 hexagons (10°) were averaged, and compared to mT, MS10°and MD10°( Fig. 1, c) . To correspond to the OCT area of GCIPL thickness (central 13.2°× 15.8°) a second mfERG RMS average was formed, including the 19 central hexagons (15°). This was then also compared to MS15°and MD15°( Fig. 1, d ). OCT images were obtained using the fast macular cube 512 × 128 protocol (Cirrus SD-OCT, Carl Zeiss, USA). Values for total macular thickness (mT) and GCIPL were calculated in microns as per Cirrus software (version 6.5.0.722; Fig. 1, e) . The mT values used in this study corresponded to the 1-plus 3-mm diameter circles of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid analysis from the Cirrus software, and correspond to the central ∼10°. The GCIPL thickness analysis of the Cirrus SD-OCT, encompasses the area of highest ganglion cell density [39] , and consisted of an elliptical annulus (4.0 mm vertical and 4.8 mm horizontal diameter), corresponding to the central 13.2°and 15.8° (Fig. 1, f) . The central elliptical area of the foveola is excluded (1 mm, corresponding to 3.5°), taking into consideration the displacement of the retinal ganglion cells which is largest at 1 mm where the displacement is about 0.62 mm [36] . At 4 mm eccentricity, this displacement becomes negligible (about 0.12 mm) [36] .
Statistical analysis
One-way ANOVA (including Bonferroni as a post hoc test), was used to access differences between groups. To investigate the relationship between structure and function, linear mixedeffects models were performed. Function parameters (SAP sensitivity or mfERG response) were considered as the dependent variables while OCT measurements were the independent variables. Results were adjusted for age and gender (fixed effects) and expressed as regression coefficients (slope coefficient) with corresponding 95% intervals and p values. The coefficient was interpreted as the rate of change of the target variable, increasing the predictor by one unit. A p value <0.05 was considered significant, while a value <0.1 was considered a trend. Statistical analyses were performed using the statistical package R [40] (version 3.0.2) and SPSS (IBM statistics version 22). False discovery rate (FDR) adjustment was used to adjust p values for multiple comparisons. Specificity and sensitivity were assessed with a ROC analysis. All ROC curves were calculated using a binary classification of disease/no disease based on logistic regression including all proposed classifiers analyzed together: DC, IC1, and IC2 (for the central 10 and 15 degrees), GCIPL, total macula thickness, MS and MD (for the central 10 and 15 degrees). AUC and SE (AUC) calculations were done using SPSS version 22, taking into consideration age and gender, included as predictors in the regression model [41] . Thus, for each ROC analysis, first a logistic regression model was done in SPSS with the following predictors: Bage + gender + variable.of.interest^. Then, based on the predicted values (in SPSS) of the logistic regression, ROC curve and AUC were calculated. These are based on nonparametric assumptions (Wilcoxon-statistics).
Results
A total of 42 eyes were included: six PPG, 20 POAG, and 16 controls. Demographic details are presented in Table 1 . Mean age was 61.1 years (SD ± 13.06) for the glaucoma group and 49.25 years (SD ± 7.02) for the controls. Age differed between POAG and controls (p < 0.01), but not between the PPG and controls (p = 0.068). Mean MD in POAG was 4.7 reflecting the early disease stage. Overall MD was significantly different between the glaucoma groups, reflecting the normal visual fields in PPG (p = 0.013). Mean MD also differed between POAG group and controls (p = 0.001).
Analysis of the central areas: glaucoma x controls Sap
Neither MS10°(p = 0.096) nor MS15°(p = 0.083) differed between groups, even though the average linear sensitivity was smaller in POAG than in controls and PPG. The same held true for MD, where the average defect was higher in POAG when compared to controls and PPG, but this did not reach a significance level (MD10°: p = 0.070 and MD15°: p > 0.07).
2F-mfERG
In contrast in the 2F-mfERG differed more between the groups Figure 3 summarizes the central 2F-mfERG results: when compared to control, MS10°from all epochs (DC, IC1, and IC2) were significantly decreased in POAG (all p ≤ 0.001) as well as in PPG (p ≤ 0.03). Neither DC, IC1, or IC2 differed significantly between POAG and PPG. RMS15°from all epochs were significantly decreased in POAG as well as PPG (p ≤ 0.022), but did not differ significantly between POAG and PPG (p = 1). Table 2 summarizes the OCT measurements: While mT did not differ significantly between the glaucoma groups or between glaucoma and controls (p > 0.10), GCIPL differed significantly between controls and both POAG: p < 0.001 and PPG: p = 0.012.
Oct

Analysis of the central areas: structure x function
A linear mixed-effects model was used to assess the structure function relationship between mfERG and SAP or OCT. Association between SAP sensitivity and OCT was assessed using a linear model. Visual field values were converted to linear scale before averaging parameters. Table 3 summarizes these relationships that are described below: mfERG versus OCT mT correlated significantly to RMS10°DC (p = 0.02) and IC2 (p = 0.009). For IC1, however, this positive correlation was just a trend (p = 0.09). This means RMS10°responses were larger the thicker mT.
GCIPL showed a significant positive correlation to RMS15°only in correlating IC2 to PPG (p = 0.027, control: 
SAP versus OCT
MS10°was positively associated to mT for PPG (p = 0.029) but negatively associated in controls (p = 0.001). MD10°s howed a negative association with mT in POAG (p < 0.001), a negative trend in PPG (0.078) but none with controls (p = 0.69).
There was no significant association between MS15°and GCIPL (p = 0.348), although MD15°showed a negative association (p < 0.001) only in POAG.
mfERG versus SAP
MS10°showed a significant positive association with the 2F-mfERG RMS10°in PPG, POAG and controls for all epochs (DC, IC1, and IC2, p < 0.001). There was no significant association between MD10°and RMS10°.
Overall, MS15°was negatively associated with RMS15°in all epochs (p ≤ 0.017). In PPG DC showed a trend, while IC1 and IC2 were significantly associated at a level of p < 0.02). In controls we saw a trend (IC1 and IC2 p = 0.05 and 0.07, respectively) while this did not reach trend level for POAG.
We did not observe any significant relationship between MD15°and RMS 15°.
Individual analysis of the central 15°A
n individual analysis of the patients was performed for each eye tested (Fig. 1) . As the GCIPL was the most sensitive OCT parameter, for SAP and mfERG we analyzed the central 15°f or better comparison to the GCIPL. This encompasses the central 10°. Information on mT refers to the central 10°as stated in the methods section.
An abnormality in central area (15°) was defined as:
1. SAP: Presence of at least one point with a probability smaller than 0.5% in the MD deviation plot. 2. 2F-mfERG: RMS average outside the 95% quantile of controls in DC, IC1, and/or IC2. 3. OCT: Presence of at least one yellow or one red sector on the thickness map (≤5% and ≤1% of normal population, respectively) for mT and GCIPL, respectively.
The individual analysis showed that in one of 26 eyes, an eye from a patient with PPG, had no alterations in the macular OCT (neither mT nor GCIPL), the central mfERG, or SAP. Another PPG patient had alterations only in the mfERG. Of the remaining 24, 17 had both an abnormal mT and GCIPL; six patients had a normal mT measurement associated with a thinning of the ganglion cell layer (one PPG, five POAG) and one patient had a pathologic mT with a normal GCIPL (POAG). Among the 23 patients with GCIPL thinning, eight (34.7%) demonstrated pathologic central 2F-mfERG results associated with a normal central visual field, whereas four patients had a central visual field defect and a normal central 2F-mfERG. Three patients had alterations in both SAP and 2F-mfERG associated with a GCIPL thinning. Of all 26 patients, 30.7% (three PPG, five POAG) had central mfERG and GCIPL alterations, but no SAP defect in the central 15 degrees.
mfERG x SAP x OCT
In the ROC analysis (Fig. 4) , the mfERG RMS10°compo-nents (DC and IC2) together with GCIPL presented the highest AUC values (0.897, 0.903, and 0.905 respectively, Macular Thickness n/a n/a n/a n/a −0.30* 0.315 n/a n/a GCIPL n/a n/a n/a n/a n/a n/a 5.493* 0.391 Table 4 ). DeLong test did not show any statistical difference between the different AUC shown in Table 4 , demonstrating comparable sensitivity and specificity of these structural and functional tests. In the individual analysis, the central 2F-mfERG appeared to show changes prior to those occurring in the central visual field. Linear mixed effects analysis showed a significant association between the RMS10°and mT, but not GCIPL and RMS15°, independent of the presence of a central field defect (MD10°, MD15°).
Discussion
In this study, we assessed the structure function association between OCT, standard automated perimetry, and 2F-mfERG in glaucoma patients and controls with an emphasis on the central 15°. The observed average MD in POAG (4.7, range 2.7/6.7 dB) and in PPG (−0.08, range − 0.6/0.4 dB) reflects our intention to evaluate the function structure association in early glaucoma. In the central retinal response averages both, GCIPL and 2F-mfERG taken alone could separate early PPG as well as POAG patients from control with a comparable performance, but mT and SAP could not. Our findings complement previous reports of localized macular dysfunction using the mfERG in glaucoma [18, 31, 42] . Macular morphology has also been shown to be affected, with mT demonstrating a lower capability to correctly diagnose glaucoma in comparison with other structure parameters [43, 44] .
SAP compared differently to morphologic measures than to functional measures: compared to OCT, SAP had a more significant relationship in regard to the mean defect while when compared to the 2F-mfERG the SAP compared better with respect to mean sensitivity. Previous studies found correlations between the MD [13] or MS [27] of the SAP and mfERG. Others have found no correlation between mean deviation [34] or MS [45] and the mfERG in glaucoma. Those results together with the results of the present study suggest that both MD and MS are important, complementing parameters for structure function analysis. Severity of disease or retinal area analyzed may influence this relationship. We could confirm previous reports that the 2F-mfERG paradigm can differentiate between glaucoma and controls in the central retina [14, 18, 34, 35] . Including 2F-mfERG and a separate analysis of GCIPL increased the sensitivity to detect retinal abnormalities in individual patients with early glaucoma. Of 26 patients, 30.7% had central mfERG and GCIPL alterations, but no SAP defect in the central 15 degrees. Six patients had a GCIPL thinning with a normal mT measure, four of which had a pathologic mfERG but normal central fields. These findings are in agreement with a previous report that showed that GCIPL thinning in the presence of a normal mT can be detected in areas without glaucomatous field loss [9] . In the central retina, both mfERG and SAP correlated better to mT than to GCIPL. In the 2F-mfERG, mT was associated significantly with DC and IC-2 in all subgroups. GCIPL showed a significant positive correlation to IC2 and a positive trend to DC only in PPG.
Different sensitivities found may be due to individual thresholds. Hood and Kardon argued that when OCT was compared to SAP, the first examination to show alterations would depend on the pre-existing RNFL thickness or SAP sensitivity for each individual patient, prior to the onset of disease [8] . This has been supported by Anraku et al., who demonstrated that patients with a thinner baseline macular ganglion cell complex showed a faster disease progression compared to others [46] .
We found that mfERG and GCIPL have the highest predictive diagnostic performance. Thus, our data confirm that a combination of structural and different functional tests increases diagnostic sensitivity in glaucoma. This has also been shown for other patients: In neuro-ophthalmological patients with a field defect, functional retinal changes may be documented with the mfERG, prior to structural changes seen on OCT [47] . Including segmentation of retinal layers, sensitivity of the OCT increased, but still, a fair number of patients had normal appearing retinal layers although retinal dysfunction could be documented with the mfERG [48] .
Considering the addition of mfERG in early glaucoma diagnosis we are in agreement with a recent editorial by Medeiros and Tatham, who reviewed results from long term research on structure and function, trying to identify a single diagnostic exam capable of identifying glaucoma first. They conclude that combining different structural and functional measurements outperform the individual test, and that research needs to now focus on how to better integrate these various results to improve diagnosis and follow up in glaucoma [49] .
We have shown the mfERG to be very sensitive in early POAG even in patients without a detectable field defect in the central area, and also in PPG, where the SAP is still normal. This adds important information to other reports in which the global flash mfERG identified retinal dysfunction in the periphery (outside the 19 central degrees) of so far unaffected eyes of POAG and ocular hypertension patients [32, 33] . Indeed, electrophysiology can detect early glaucomatous retinal dysfunction while it is still reversible [42] .
In our study we were able to recruit six patients with PPG. While this is a small number, these patients still contribute valuable information as they represent the earliest identifiable stage of glaucoma which is diagnosed only by early disc changes.
Most of our control subjects were female while the glaucoma subjects were male. In order to rule out a gender bias, all calculations were adjusted for gender. However, gender differences have been described in total macular thickness, but not in the GCIPL [50] , which is the layer where our glaucoma patients differed from control.
Another consideration in our study is the age difference between groups. As there is a known influence of age on the standard mfERG [51] [52] [53] and on the GCIPL [50] age and gender were included as Bfixed effects^in our mixed-effects models. This balances out the influence of given covariates (here age and gender), which otherwise could be confounded with the target variable.
In our study all examinations were taken on the same day in most eyes (n = 19). When this was not possible (n = 7) the interval between examinations did not exceed 6 months. In structure-function analysis of glaucoma, measures taken within a half year interval seem generally accepted [54] [55] [56] . Also, a follow-up in glaucoma found no significant changes in either SAP or mfERG over this period of time [13] . Thus while progression of disease may influence measures not taken at the same point in time, the slow progression of disease in IOP controlled glaucoma indicates, that the median time interval of 2 months in seven of the patients would only be a minor influence on our results.
Conclusion
To the best of our knowledge, this is the first study to investigate the association between 2F-mfERG and macular layer segmentation in humans in the central 15°. Adding both the GCIPL analysis and the 2F-mfERG increased the diagnostic performance to detect glaucomatous dysfunction in early glaucoma, including preperimetric glaucoma.
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